* A description of this liquefier, which departed from the all-metal technique hitherto employed, will be published elsewhere.
( Communicated by A. M. Tyndall, -Received 11 July 1940) The high-frequency resistance of tin in th e superconducting sta te was m easured a t a w ave-length of 20-5 cm. by a calorim etric m ethod based on th e principle of eddy-current heating. I t was found th a t th e resistance decreases gradually w hen th e tem p eratu re falls below th e tran sitio n p o in t in co n trast to th e sudden drop in resistance peculiar to direct currents. A n explanation of such a behaviour is given based on th e assum ption of th e sim ultaneous presence of norm al an d superconducting electrons. Good agreem ent betw een th eo ry an d experim ent was found.
A bsolute m easurem ents of th e cond u ctivity in th e norm al sta te a t low tem peratures w ith bo th high an d low frequencies were carried out, an d it was found th a t a t th e tem p eratu re of liquid helium th e conductivity for high frequency is considerably lower th a n for low frequency. This behaviour is possibly due to th e fact th a t th e m ean free p a th of th e electrons becomes larger th a n th e p en etratio n d ep th due to skin effect u n der th e conditions o f high co nductivity an d high frequency.
T h e h ig h -fr e q u e n c y resista n ce o f su p e r c o n d u c tin g tin I ntro ductio n I t has been pointed out in a previous paper (H. London 1934) th a t th e possible simultaneous presence of superconducting and norm al electrons would manifest itself by a resistance which is present for currents of very high frequency b u t absent for direct current. This resistance is due to th e fact th a t the magnetic field associated w ith the electric current p enetrates into a th in surface layer of th e superconductor. I f this m agnetic field varies w ith time, an electric field will be induced an d any norm al conducting electrons which m ay be present will move in this field. Since th ey are subject to damping, they will produce Joule h eat and give rise to an alternating current resistance.
Calculations on this basis show th a t if th e num ber of superconducting electrons is comparable w ith th e num ber of atom s, th e alternating current resistance is exceedingly small except a t very high frequencies.
A fter some prelim inary m easurem ents a t 3-7 x 107 and a t 1-5 x 108, th e final m easurem ents were carried out a t 1-46 x 109 eye./sec., which corre sponds to a wave-length of 20*5 cm.
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A ppa r a t u s
Most of th e m ethods h ith erto employed consisted in a purely electrical m easurem ent of th e resistance. As th e resistance in question is v ery low, such m ethods are n o t very reliable. In particular, it is impossible to m easure such low resistances absolutely a t very high frequencies. The m ethod used in th e present experim ents avoids th e difficulties b y m easuring th e Joule h eat generated by a current induced in an ellipsoid of tin by an altern atin g electric field.
The calorim eter C consisted of a small pyrex glass vessel containing th e tin specimen. I t was therm ally insulated by a vacuum jack et J which could be evacuated by th e tu b e T. A capillary c connected the calorim eter to a m ercury m anom eter Mx. Through this capillary th e calorim eter could also be filled w ith liquid helium. I f h eat was generated in th e tin, helium evaporated and th e m anom eter rose. The rate of rise enables one to calculate th e Joule heat, while th e position of th e m anom eter gives th e vapour pressure of th e helium in th e calorim eter and hence its tem perature. The m anom eter was read by a telescope w ith vertical traverse reading to mm. The position of th e meniscus could be m easured w ith an accuracy of 0*05 mm.
The vacuum jacket w ith the calorimeter was placed in a Dewar vessel Dx which formed p a rt of a small Linde liquefier.* I t could be filled w ith liquid helium; this Dewar vessel was surrounded by another one, D 2, which was filled w ith liquid nitrogen. The lower p arts of both these Dewar vessels were narrow ed in order to fit into th e oscillatory circuit which produced the alternating magnetic field. H eat radiation from outside was prevented from reaching th e calorim eter by a screen 8 of black paper placed inside th e liquid helium bath. This screen was painted w ith colloidal graphite, which, however, did not form a continuous layer, as otherwise it would have screened th e high frequency. The glass of the Dewar vessels and th e liquefier in the upper p a rt of th e inner Dewar gave additional protection against heat radiation.
The p a rt of the capillary c which was a t liquid helium tem perature had an internal diam eter of 0-3 mm. This diam eter increased gradually to about 0-8 m m . in the room -tem perature region. In this w ay the dead volume which is more effective a t low tem peratures was kept small, and a t the same tim e the flow resistance which increases w ith tem perature was not too high. I t is particularly im portant to keep th e capillary narrow inside th e vacuum jacket, as th e tem perature of this p a rt varies w ith the flow velocity of th e evaporating helium. I f th e capillary is too wide, this causes irregularities of the tem perature drift after the high frequency has been tu rn ed off, until tem perature equilibrium is restored.
The high-frequency m agnetic field was produced in an oscillatory circuit. I t consisted of a brass tube of 6 cm. length, 3 cm. internal diam eter, and 0-8 mm. wall, split a t opposite sides by gaps parallel to th e axis. The tu b e acted as a self-inductance, and th e two gaps which were about 0-8 mm. wide formed condensers. The resonance w ave-length of this arrangem ent was 20-5 cm. The ends of the split tu b e were surrounded by two short brass tubes of 3 cm. length, 4-7 cm. internal diam eter and 1 mm. wall. These reduced the stray magnetic field of the oscillator and therefore dim inished th e radiation loss. One of the condenser gaps was connected to a tu n ed tra n s mission line which led to a m agnetron valve (G.E.C.-C.W. 10). The la tte r was sufficiently far d istan t to prevent the stray field of th e m agnet from affecting the superconductivity of th e specimen. The line was bridged a t a distance of one-quarter of a wave from the condenser gap, since otherwise the line would oscillate w ith a voltage node a t th e condenser gap a t a fre quency slightly different from th e resonance frequency of th e oscillatory circuit, as for all other frequencies th e gap represents practically a short circuit.
The intensity of the oscillation was m easured on an a rb itrary scale by a vacuum junction and galvanom eter, th e form er being connected to th e other condenser gap by a qu arter wave transm ission line. The absolute value of the magnetic field for a given galvanom eter deflexion was d eter mined by calibration m easurem ents a t th e tem perature of liquid nitrogen, where the conductivity of tin is well known.
As an additional check th e field was also determ ined by means of an ordinary m ercury therm om eter divided into te n th s of a degree, which was inserted into the alternating magnetic field. The two m ethods agreed w ithin about 10 %, which is w ithin the lim its of error.
The frequency was m easured in th e usual w ay by m eans of a Lecher wire system.
Outside the high-frequency circuit was placed a p air of H elm holtz coils by means of which an alternating field of 50 eye./sec. could be produced. This was used for measuring the low-frequency conductivity of tin and for calibration purposes. The screening effect of th e short brass tubes su r rounding the ends of the oscillatory circuit was calculated and found to be negligible a t 50 eye./sec. Still further outside there was another p air of Helmholtz coils by which th e earth 's field could be com pensated to less th an 0-02 oersted.
The specimen was m ade of 99*996 % H ilger tin . I t h ad th e shape of an ellipsoid, its length was 3 cm. an d its diam eter 0*43 cm. I t was m elted in vacuo and solidified by raising th e furnace slowly in order to avoid th e form ation of cavities. The sample obtained by this m ethod consisted of a few large crystallites. A m aterial of such stru ctu re was desirable as it transform s into th e superconducting state in a sm aller tem p eratu re in terv al th a n finely crystalline m aterial (de H aas and Voogd 1931).
P ro c ed u re
Since th e Joule heat to be m easured is very small (down to ab o u t 6 x 10~6 cal./min.), great care has to be tak en in order to keep th e te m p erature drift due to h eat conduction small and regular. This can only be achieved if th e vacuum inside th e vacuum jacket is very good. I t is im pos sible to obtain such a vacuum if th e calorim eter is cooled in th e usual w ay by filling the vacuum jacket w ith helium gas until th e specimen has assum ed th e desired low tem perature, and th en pum ping th e gas away. A special technique suited to th e present liquefier had therefore to be evolved. A fter the calorim eter had been cooled and filled, it was connected w ith th e m anom eter Mv The liquid helium still left in th e capillary evaporated and th e m easurem ents could begin. These consisted in reading th e m anom eter every half m inute in order to measure th e tem perature drift due to h eat radiation, switching on the high frequency for a period of 2-5 min. and th en again taking th e tem perature drift until it had become linear again.
The gas taps of th e m anom eter were always handled in such a w ay th a t gas which had been in contact w ith the m ercury of the m anom eter could never enter the calorimeter, in order to avoid am algam ation of the specimen. A nother precaution consisted in annealing the tin between th e experim ents a t about 150° C for several hours in an atm osphere of helium or nitrogen, in order to counteract any possible transform ation of the tin into its grey modification stable below 18° C. This m ight have occurred while th e tin w arm ed up slowly after an experim ent. The cooling always took place very rapidly.
E valuation of the m easurem en ts
In these m easurem ents the helium does not evaporate a t constant pressure. Therefore ap art from the laten t heat of evaporation the heat capacity of the calorimeter and the therm al expansion of the liquid and gaseous helium also enter into the relation between h eat developed and th e rate of rise of the manometer. The relation is somewhat complicated b u t can be expressed in term s of known data/ and is here om itted for the sake of brevity. The heat capacity of th e glass container could be neglected. All calibrations of th e calorimeter agreed to w ithin 7 %.
The relation between the norm al conductivity <r and th e Joule h eat per sec. produced by a magnetic field of frequency o) and r.m .s. intensity //0 is given by the following expression, which applies to small field penetration :
where _ 47ra6[-|e V( 1 -e2) + (e2 -I) arc sin e] -e3( lwith the demagnetizing factor A = 477 1 -e2 e2
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a and b are th e semi-axes of th e ellipsoid and e its excentricity. S has th e physical meaning of th a t p a rt of th e surface of an infinite cylinder in which the same heat q would be produced. F or the m easurem ents a t 50 cycles th e approxim ation of small penetration is not applicable. Since the ellipsoid is rath e r long, a good approxim ation can be obtained by neglecting th e derivatives of th e field strength in th e direction of th e longer axis. One can then calculate th e h eat developed in any small disk perpendicular to the longer axis, as if th e disk were p a rt of an infinite cylinder having the radius of this p articular disk. This problem can be solved rigorously and the to tal h eat of the ellipsoid found by graphical integration. In the case of small penetration this m ethod gives a result which agrees with (1) w ithin 6-3 %, th e discrepancy being m ainly due to th e fact th a t the demagnetizing effect is neglected in our approxim ation. Since this effect decreases w ith increasing penetration, the accuracy in cases where our approxim ation is used is m uch higher.
In the superconducting state the conductivity as defined by equation (1) has no physical significance. We shall represent th e results in term s of th e heat observed divided by the square of th e applied m agnetic field. This quantity is proportional to the high frequency resistance.
R esults (a)
The transition curve
In figure 2 the high-frequency resistance divided by an average value of the resistance in the norm al state ju st above the transition point Rn has been p lo tted against th e absolute tem p eratu re (Leiden 1937 scale). A t lower tem peratures th e points are p lo tted on a 10 tim es larger scale for R /R n. In stead of th e sudden decrease of resistance observed w ith direct current, we find a gradual decrease of R jR n below th e tran sitio n point. The
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-----------2),
------j F ig u r e 1 value of the resistance observed a t 2-3° K is only 0-6 % of the resistance in th e norm al state. From prelim inary blank experim ents made a t a w ave length of 2 m., it is probable th a t the h eat observed a t 2-3° K is p artly produced in th e glass container. U nfortunately, the w ar m ade it impossible to make a blank run w ith the 20-5 cm. wave. Thus we have to tak e th e value 0-006 a t present as the upper limit of the resistance a t th a t tem perature.
35-2
I t is not probable th a t the heat due to th e glass varies very m uch in th e com paratively small tem perature interval between 2*3 and 3• 75 K. In order to minimize th e u n certainty introduced by this effect, we have diminished all the results by 0-003i?n, th a t is, half the effect observed a t 2-3° K. Then th e error due to the glass will probably be nowhere greater th an 0-5 % of the norm al resistance. The m easured points plo tted in figure 2 are already corrected in this way. A part from this constant error, there will be a proportional error of about 10 % for 3*5° K. Below this tem perature th e measurements are less accurate. The error is p artly due to uncertainties in the drift correction and p artly due to variations in the m agnetron valve 0-05-0-5
T (°K)
F ig u r e 2 which did not settle down to stable conditions in th e com paratively short heating periods. The tem perature interval covered during each heating period was always below 0-024°. The actual error in tem perature is always less th an 0-005°. The peak value of the field was always less th a n 0-37 oersted, which would cause a decrease in transition tem perature of only 0-003°.
The point in figure 2 m arked w ith a cross was obtained after the super conductivity had been tem porarily destroyed by a strong m agnetic field. This point lies less th an 0-0015 above the adjacent point which was obtained before the field had been switched on. This is an indication th a t m agnetic flux has been pushed out again nearly completely, since otherwise th e remaining flux would have caused norm al conducting inclusions which would give rise to an additional high-frequency resistance. As has been pointed out by Keeley and Mendelssohn (1936) , complete expulsion of the lines of force is a criterion for high purity of the specimen.
The resistance begins to fall off ab o u t 0-01° above 3-723° K (vapour pressure 45-6 cm. Hg), which is th e tran sitio n tem p eratu re of perfect single crystals of tin according to de H aas and Voogd (1931) . This is in agreem ent w ith observations of these authors w ith specimens which like ours consisted of several large crystallites ( l . c. figure 1 ; Sn 5 -'30). W ith thes an increase of th e same order of m agnitude in th e tem p eratu re a t which th e first decrease in resistance occurred.
The high-frequency resistance observed in th e p resent experim ent is only about one-sixth of th a t observed by B urton and others (1933) w ith constantan wires coated w ith tin a t a w ave-length as long as 10 m. The difference is probably due to a penetration of the high frequency field into th e constantan.
(
b) Conductivity in the normal state
The high-frequency resistance of superconducting tin 529 <r in ohm -1 cm . The table gives the absolute conductivity and the specific resistance in terms of the resistance at 0° C (/?0 = 0-105 x 10~4 ohm cm.) at both low and high frequencies, and for comparison the direct current resistance found by Tuyn (1929) . The accuracy of these measurements is about 15 % with the exception of the value at 3-8° K with 50 eye./sec., the accuracy of which is only 25 %.* The table shows th a t there is good agreement with the D.C. values except for high frequency a t helium temperatures, where the resistance is much higher than for low frequency. A small deviation in the same direction seems to be present also a t 19° K.
D isc u ssio n (a) The transition curve
The simultaneous presence of superconducting and norm al electrons referred to in the introduction can be represented by a modification of O hm 's law:
* The accuracy is lower in this case because th e Joule heat as a function of th e conductivity has a m axim um which for 50 cycles lies near th e observed value of the conductivity.
where < j is the conductivity of the normal conducting electrons and A is a quantity taking account of the inertia of the superconducting electrons. A is connected with the thickness A of the layer into which a stationary magnetic field penetrates by the expression (3) This formula was first introduced (H. London 1934) as a modification of the theory of Becker, Heller and Sauter (1933) , who treated the super conducting electrons as free electrons which are accelerated by an electric field. Later, formula (2) could be incorporated in the phenomenological theory of F. and H. London (1935) 
where the electronic charge is measured in electrostatic units. W ith the modified Ohm's law (2) the theory of quasistationary currents of the circular frequency a> can be developed in the usual way. Since the penetration depth is very small, the problem can be treated in one dimension. One obtains for the magnetic field strength a t a depth, x, below the surface where c2 Ancrfji
is the length known from the ordinary theory of the skin effect where it is VI times the penetration depth, while A, as was mentioned above, is the penetration depth due to the superconducting electrons.
Analogous equations hold for the electric field and the current density.
From (5) we can deduce the following expression for the relative highfrequency resistance * _«... a Mi+am-i ,s,
In order to compare this expression with the measurements, we require the temperature dependence of A and or, in other words, of the effective number Ns of superconducting electrons and of the conductivity cr due to the normal electrons. The quantity A can be determined by experiments on th in films (Appleyard, Bristow, H . London an d Misener 1939) and colloids (Shoenberg 1939 (Shoenberg , 1940 , b u t so far only m ercury has been in vesti gated. Expressed by th e effective num ber of electrons Ns as defined by (4), th e results for th e th in m ercury films (A ppleyard et al. 1939, figure 7) , which are in good agreem ent w ith th e colloid m ethod, can be represented by the em pirical expression
w ith N0 = 0-0644 tim es th e num ber of atom s per cm.3. Tt is th e tran sitio n tem perature. We now m ake th e following assum ptions:
(1) E quation (9) is also valid for tin, only the constants N0 and Tt being different.
(2) The num ber of norm al conducting electrons is given by th e equation Nn = N0 -Ns .
This implies th e assum ption th a t a t absolute zero all electrons are super conducting, which is in agreem ent w ith th e fact th a t th e specific h eat of superconducting tin contains no term proportional to th e absolute te m perature.
(3) The conductivity cr is given by cr/°*n ~ (11)
where orn is th e conductivity in the norm al state. T h at is to say, it depends solely on the num ber of norm al electrons and not explicitly on tem perature or on th e num ber of superconducting electrons. W ith respect to the te m perature, this assum ption seems to be justified in view of th e fact th a t the conductivity of tin in the norm al state is independent of tem perature in the liquid helium region; the assum ption th a t the superconducting electrons do not influence the norm al ones is, of course, hypothetical. Introducing (4), (7), (9), (10), (11) into (8) and using for crn th e observed high-frequency value of 2-06 x 10-2 c2 (see table on p. 529), th e only u n determ ined quantity is the num ber of superconducting electrons a t absolute zero, N0. The curve in figure 2 is draw n for N0/NA = 0-213, where NA = 3-90 x 1022 is the num ber of atom s per c.c. of tin. I t agrees with th e observed points w ithin the limits of error. The deviations close to the transition point are due to th e fact mentioned above th a t the resistance begins to fall off about 0-01° above th e transition point, while the calculated curve refers to an ab ru p t change of resistance a t the transition point. The value of N0/Na = 0-213 electrons per atom is of the order of m agnitude which one would expect if the number of superconducting electrons at absolute zero is identical with the effective number of free electrons (see e.g. Frohlich 1936, p. 190) . The good agreement between experiment and theory seems to confirm the hypothesis of the simultaneous presence of superconducting and normal electrons as expressed by the modified Ohm's law (3). B ut they should not be taken as a proof for our assumptions with respect to the tem perature dependence of the number of superconducting electrons and to the normal conductivity expressed by the equations (9), (10), (11). For the main drop in resistance takes place within a region of 0-2° below the transition point where the normal conductivity has not yet decreased appreciably. Thus the drop in resistance is due rather to the appearance of the superconducting electrons than to the disappearance of the normal ones. At lower tem pera tures, on the other hand, the measurements are not sufficiently accurate. If one makes, e.g., the quite different assumptions th a t the normal con ductivity does not vary a t all, a = cr0, and th a t the number of super conducting electrons is proportional to Tc-T, one obtains a curve which between 3-5° K and the transition point is nearly coincident with the other curve; a t lower temperatures it is shown by the dotted curve in figure 2.
At lower temperatures different assumptions about cr give of course very different results for Ns . Accordingly the value for N0 given above has to be considered merely as an extrapolation made on the assumption th a t (9) holds for tin as well as for mercury.
On the other hand, quite definite statem ents can be made for the region near the transition point. First of all the experiments confirm the result found with thin films and colloids of mercury th a t the NS(T) curve meets the T-axis with a finite slope. As has been pointed out by Gorter and Casimir (1934) , such a behaviour explains the discontinuity of the specific heat at the transition point. Furthermore, the value of this slope a t the transition point can be determined by measurements within the main drop in resistance as it is not much affected by the particular assumptions about cr.
At still higher frequencies a further modification of Ohm's law is required, as with them the inertia of the normal electrons m ust not be neglected (H. London 1934, formula (5) ). This does not affect the general feature of a gradual decrease in resistance to zero with falling tem perature. In the infra-red, however, the conditions become different, when the wave-length, is reached below which the absorption of energy is due mainly to optical transitions and not to the conductivity. Owing to the high value of normal conductivity a t helium temperatures, this wave-length will be much larger than a t room temperature, where it is of the order of magnitude of 20/i. This is in agreement with the observations of D aunt, Keeley and Mendelssohn (1937) with lead and tin, th a t there is no change in the absorption of infra-red light of a wave-length of about 10-20 y ,when these m superconducting state.
(b) High-frequency resistance in the normal state
The anom alous norm al resistance a t high frequencies can probably be explained by th e fact th a t th e m ean free p a th of th e electrons is considerably larger th a n th e penetratio n depth. An increase of resistance due to this effect has been observed by Lovell (1936) and Lovell (1937) in experim ents on th in alkali m etal films. 
